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ABSTRACT   26 
 27 
 Microbial communities associated with marine sponges carry out nutrient 28 
transformations essential for the benthic-pelagic coupling however, knowledge about 29 
their composition and function is still sparse. We evaluated the richness and diversity of 30 
prokaryotic assemblages associated with three high-microbial abundance and three 31 
low-microbial abundance sympatric Mediterranean sponges to address their stability 32 
and uniqueness. Moreover, to examine functionality and because an imbalance between 33 
nitrogen ingestion and excretion has been observed on some of these species, we 34 
sequenced nitrogenase genes (nifH) and measured N2 fixation. The prokaryotic 35 
communities in the two sponge types did not differ in terms of richness, but highest 36 
diversity was found in HMA sponges. Moreover, the discrete composition relative to 37 
surrounding seawater indicated that horizontal and vertical transmission affect the 38 
microbiomes associated with both sponge categories. nifH genes were found in all LMA 39 
and sporadically in one HMA species, and about half of these sequences were common 40 
between the different sponge species and also, they were found in the surrounding 41 
water suggesting horizontal transmission. N2 fixation was measurable in the water but 42 
not associated with the sponges. Also, nitrogen isotopic ratios of sponge tissue indicated 43 
that N2 fixation was not an important source of nitrogen in these Mediterranean 44 
sponges. Overall, our results suggest that compositional and functional features differ 45 
between prokaryotic communities associated with HMA and LMA sponges, which may 46 
affect sponge ecology. 47 
 48 
 49 
 50 
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INTRODUCTION   51 
 52 
Marine sponges are sessile filter-feeder metazoans that dominate many hard-53 
bottom benthic substrates around the world (1, 2). They filter large volumes of water 54 
and efficiently clear particles down to less than 2 μm in size (3, and references therein). 55 
Sponges host complex microbial communities that are generally specific, stable, and 56 
distinct in composition compared with the microbes in the surrounding seawater (4-7). 57 
Their acquisition can be through horizontal transmission from the surrounding water or 58 
by vertical transmission where microbes are transferred from parental sponges to 59 
progeny (6, 8).  60 
 61 
 Sponge-associated microbes can supply limiting nutrients and process metabolic 62 
waste to and from the host, respectively (4, 9, 10), but the rich taxonomy and functional 63 
genetic potential of the sponge-associated microbes suggest that they carry out 64 
additional functions (11). Sponges have been categorized as high-microbial abundance 65 
(HMA) or low-microbial abundance (LMA) sponges (12) where HMA species harbor 66 
dense, diverse microbial communities and LMA species contain fewer and less diverse 67 
microorganisms (6, 13-15). Despite of their distinct microbial compositions, HMA and 68 
LMA sponges show a similar functional gene repertoire, which has been interpreted as 69 
functional convergence between both microbiome types (10, 11, 16).  70 
 71 
A previous study on sympatric LMA and HMA Mediterranean sponges showed a 72 
lack of balance between particulate organic nitrogen (PON) ingestion and dissolved 73 
inorganic nitrogen (DIN) excretion that could only be explained by the activity of 74 
sponge-associated microbes (17). Interestingly, it was shown that even though the amoA 75 
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gene was present in both HMA and LMA species, a net excretion of nitrite and nitrate 76 
was only measurable in HMA. In order to account for imbalances between PON and DIN 77 
inventories, N2 fixation has been proposed as an important nitrogen source (17, 18). 78 
Reports on sponge-associated N2 fixation are, however, scarce, and to our knowledge 79 
constrained to a few studies on tropical sponges (19-21). In addition, diverse nifH genes, 80 
encoding nitrogenase reductase, of putative N2-fixing bacteria (diazotrophs) were found 81 
associated with two sponges from the Florida Keys, indicating that N2 fixation by sponge 82 
symbionts could be an important but neglected source of nitrogen in coral reefs (22, 23). 83 
The distribution and importance of N2 fixation in marine sponges is, however, far from 84 
resolved, and in particular, information from temperate marine regions is lacking.  85 
 86 
In the present study we expanded previous studies on the diversity and modes of 87 
acquisition of the associated microbes in HMA and LMA sponges by adding a temporal 88 
scale and asked the questions: 1) are nifH genes present in HMA and LMA sponges and, if 89 
so, is putative diazotrophy mediated by the same microbial groups in different sponge 90 
species? 2) is N2 fixation a significant source of nitrogen for marine sponges? To address 91 
these questions we combined 16S rRNA and nifH gene sequencing with measurements 92 
of N2 fixation in sponges and surrounding water from the temperate Mediterranean Sea. 93 
 94 
MATERIAL AND METHODS   95 
 96 
Sample collection. In May, August, and November 2009 and in February 2010 97 
scuba divers collected five specimens of each of six sympatric sponge species from off 98 
the Montgri Coast (NW Mediterranean Sea, 42°3′N, 3°13′E) at 15 m depth. Three species 99 
were previously classified as HMA (Agelas oroides, Chondrosia reniformis and Petrosia 100 
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ficiformis) and three were classified as LMA species (Dysidea avara, Axinella damicornis, 101 
Spirastrella cunctatrix) (3, 10, 24). To remove food microbes or loosely associated 102 
microbes from the sponges, they were maintained in 0.2 µm - filtered water in the dark 103 
for 4-5 h before being frozen in liquid nitrogen. Parallel to sponge collection, 2 water 104 
samples (4 l) were collected 2-m above the sponge community. Subsamples of 300–500 105 
mL from each 4 l sample, were filtered in the laboratory through 0.2 μm polycarbonate 106 
filters (Nucleopore), and the filters were then frozen in liquid nitrogen. Sponges and 107 
filters were stored at -80°C until DNA extraction.  108 
 109 
DNA extraction. Eight filters (4 months x 2 replicates) and 48 sponge tissue 110 
samples (~ 2 mm3; 4 months x 6 species x 2 replicates) were dissected into small 111 
sections using a sterile scalpel. DNA was extracted using the DNeasy Tissue Kit (Qiagen, 112 
Valencia, CA) with incubation with lysis buffer overnight and a 100 μl elution volume 113 
(10).  114 
 115 
Prokaryotic composition in sponges. To gain insight into the community 116 
composition of prokaryotes associated with sponge tissue 16S rRNA genes were PCR 117 
amplified using the primers 515f and 806r (25) complemented with sample specific 118 
barcodes for paired-end Illumina sequencing and MyTaqRed chemicals (Bioline). All 119 
samples were amplified in triplicate, quality checked (1% agarose), pooled, and purified 120 
with Agencourt AMPure XP (Beckman Coulter). The DNA concentrations were then 121 
quantified (PicoGreen, Invitrogen), the samples were pooled in equimolar amounts, and 122 
sequenced on a MiSeq Illumina platform at the Berlin Genome Center. The sequences 123 
were analyzed using mothur v.1.32.0 (26) according to the online protocol 124 
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(http://www.mothur.org/wiki/MiSeq_SOP). Singletons were removed from the dataset 125 
and sequences were clustered with a 97% threshold into operational taxonomic units 126 
(OTUs) using the alignment tool from ARB Silva (www.arb-silva.de), which was also 127 
used for the taxonomic assignments. Taxonomies were then verified and corrected (if 128 
required) using the Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu). The 129 
normalized OTU table resulting from the analysis in mothur was used in Primer6 to 130 
calculate similarity matrices, for an analysis of similarity (ANOSIM), and similarity 131 
percentage analysis (SIMPER). Data were then visualized by non-metric 132 
multidimensional scaling (MDS). A phylogenetic tree was constructed for the OTUs 133 
containing at least 50 sequences using FastTree 134 
(http://www.microbesonline.org/fasttree/) and iTOL (http://itol.embl.de/).  135 
 136 
Analysis of community richness and diversity. The indices were normalized 137 
on data sets subsampled to the least number of sequences obtained per sample (621 138 
sequences). Richness, referring to the number of OTUs (species), was estimated by the 139 
Chao1 index and the estimated number of OTUs to yield a coverage of 100%. Diversity, 140 
referring to species richness and evenness (the relative species abundances), was 141 
estimated by the number of OTUs needed to achieve an average similarity of 50% and by 142 
the Shannon and Simpson indices.  143 
 144 
Composition of putative diazotrophs. NifH genes were amplified using a nested 145 
PCR approach with the primers nifH3 and nifH4 (27) followed by the primers nifH1 and 146 
nifH2 (28). The PCRs were conducted with Pure Taq Ready-To-Go PCR Beads (GE 147 
Healthcare) and negative controls with pure water (Sigma). PCR reagents were mixed in 148 
an ultraviolet (UV)-treated bench (VWR), and DNA template was added in a separate 149 
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UV-treated bench. For the initial PCR, 1 µl of a 1:10 dilution of the extracted DNA was 150 
used as template, and 1 µl of the PCR product was transferred to the next PCR. PCR 151 
products were gel purified (E.Z.N.A. Gel Extraction Kit), cloned (TOPO TA Cloning Kit, 152 
Invitrogen), and sequenced commercially (GATC). A total of 451 nifH sequences were 153 
obtained with an average of 14 sequences per sample and a range of 2 – 31 sequences 154 
per sample. For the negative control samples, no bands were visible. Nevertheless, a gel 155 
slice of the expected product size (~359 bp) was excised, purified, and cloned. No nifH 156 
sequences were obtained from these negative controls.  157 
 158 
 For the obtained sequences, vector sequences were removed, and the sequences 159 
were loaded with the ARB Project (www.arb-home.de) software into the Zehr lab nifH 160 
database (www.es.ucsc.edu/~wwwzehr/research/database/) updated in April 2014. 161 
The sequences were translated and aligned in ARB and added to the existing nifH 162 
phylogenetic tree from the database using the Quick-Add method with the maximum 163 
parsimony algorithm. Closely related sequences and sequences from this study were 164 
exported, and a phylogenetic tree was calculated using FastTree (29). The abundance 165 
patterns of OTUs (sequences with ≥ 97% similarity) were used in Primer6 (Primer-E 166 
Ltd) to calculate the similarity matrices and ANOSIM. The data were then visualized by 167 
MDS. 168 
 169 
N2 fixation associated with sponges. Six specimens of each of 3 HMA species 170 
(Agelas oroides, Chondrosia reniformis, and Petrosia ficiformis), and 3 LMA species 171 
(Dysidea avara, Axinella damicornis, and Spirastrella cunctatrix) were collected by scuba 172 
diving from the location and depth given above, and transported to the laboratory. A 173 
piece from each sponge was immediately frozen, and the sponges were acclimatized in 174 
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125 L aquaria with running seawater for 24 h. Sponges and seawater were then 175 
incubated in 250 mL Pyrex bottles submerged in flowing seawater under in situ 176 
temperature and day-night light cycle for 24 h. One set of 24 bottles [(6 sponge species + 177 
seawater + filtered seawater blank) x 3 replicates] was incubated with in situ water 178 
amended with 10 mL 15N2–enriched artificial seawater (see below). Incubations with 179 
seawater only were used to measure the planktonic N2 fixation rates. Incubations with 180 
0.2 µm - filtered seawater served as water blanks. As controls we used the same setup of 181 
24 bottles but incubated with air-enriched seawater instead of 15N2–enriched seawater 182 
(Table S1). To measure an initial 15N2 value of the plankton, duplicate 200 mL samples 183 
were obtained from the mixture of water and 15N2/air –enriched seawater prior to 184 
incubation, filtered through a 0.2 µm nucleopore filter, and frozen at -80ºC. 15N2–185 
enriched water was made from artificial seawater (Cold Spring Harbor protocols) where 186 
10 mL 15N2 gas (Aldrich lot # MBBB0968V) or air was added per 1 L through the septum 187 
using a gas-tight syringe. Bottles were inverted 100 times and maintained for 24 h at 188 
which time the bubble was no longer visible. This should ensure 90–100% tracer 189 
equilibration (30). Ten mL enriched artificial seawater was then added to each 250 mL 190 
Pyrex bottle containing sponge material and incubated for 24 h. 191 
 192 
To verify that sponges were in mint condition, picoplankton (mainly 193 
Synechococcus sp.) abundance and inorganic nutrients were measured at beginning and 194 
end of the incubation. For picoplankton counts, triplicate 2 mL water samples were fixed 195 
with 1% paraformaldehyde and 0.05% glutaraldehyde (final concentration), frozen in 196 
liquid nitrogen, and stored at -80ºC. Flow cytometry (FACSCalibur, Becton Dickinson, 197 
488 nm excitation laser) was used to enumerate the Synechococcus sp. according to 198 
Gasol and Moran (31). Gating was done using the Becton-Dickinson Cell Quest software. 199 
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Samples for nutrient analysis were collected in acid-rinsed 50-mL plastic bottles and 200 
frozen. The samples were measured for NH4+ (ammonium), NO3-+NO2- (nitrate+nitrite, 201 
NOx-), and PO43- (phosphate) with an Alliance autoanalyzer according to Grasshoff et al. 202 
(32).  The remaining ca. 230 mL of the incubation bottles was filtered through a pre-203 
combusted Whatman GF/F filter. The filters and the sponges were kept frozen at -80ºC 204 
until isotopic analysis (Table S1).  205 
 206 
Isotopic analysis. The ratio of 15N to 14N (named d15N) was measured for water 207 
samples (filters) and sponge tissue (Table S1). The sponges and filters were dried in a 208 
lyophilizer, and the sponge tissue was then ground with a ceramic mortar and pestle 209 
until homogenous. Ca. 2 mg tissue samples and filters were then analyzed in a Flash EA 210 
1112 elemental analyzer (ThermoFisher Scientific) coupled to a Delta C isotope ratio 211 
mass spectrometer through a CONFLO III interface. Acetanilide of known isotopic 212 
composition was used as reference.  213 
 214 
 16S rRNA gene sequences are available from the EMBL database, BioProject 215 
PRJNA269111 and BioSamples SAMN03252029 - SAMN03252084. nifH gene sequences 216 
are available from the GenBank database under accession numbers KP259999 - 217 
KP20449. 218 
 219 
RESULTS   220 
 221 
Prokaryotic community composition based on 16S rRNA gene sequencing. 222 
Quality filtering of 134,258 paired-end Illumina reads retained 131,555 high-quality 223 
sequences from the sponges and seawater samples. The normalization to 621 224 
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sequences, resulted in an average richness coverage of 87 % and 90-98% in seawater 225 
and sponges, respectively. The estimated number of OTUs, yielding a coverage of 100%, 226 
did not differ significantly between the HMA and LMA sponges (Table 1). All sponge 227 
samples showed a lower species richness than the water samples according to the Chao 228 
index. There was no difference in richness between HMA and LMA species (Welch´s t-229 
test, p = 0.536; Table 1). As for diversity, the number of OTUs needed to achieve an 230 
average similarity of 50% per sponge species differed between the HMA and LMA 231 
sponges (Welch´s t-test, p = 0.015, Fig. 1). Likewise, the alpha diversity differed between 232 
the HMA and LMA species as calculated by inverse Simpson (Welch´s t-test, p = 0.049; 233 
Fig. 1) and Shannon (Welch’s test, p < 0.001; Table 1) indexes, showing that the HMA 234 
species and water hosted consistently higher diversity than the LMA species.  235 
 236 
Prokaryotic community composition was compared along a temporal scale by 237 
analyzing May, August, November and February samples. An ANOSIM between the 238 
water and sponge types (HMA and LMA) showed significant differences between the 239 
sponges (HMA+LMA) and seawater, between HMA and LMA, and between each group 240 
and seawater (Table 2). Considering all samples, month did not affect community 241 
composition (ANOSIM, R = 0.032; p = 0.845; Table 2). Thus, the same sponge species 242 
sampled in different months clustered more closely than did samples from different 243 
sponge species; the single sponge species differed significantly from water (Table 3). 244 
Despite the lack of temporal effect, the MDS showed that the sequences of the HMA 245 
species from a particular month clustered separately from other months; i.e., May for P. 246 
ficiformis, February for A. oroides, and May and August for C. reniformis (Fig. 2).  247 
 248 
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Most of the dominant OTUs, containing at least 50 sequences, represented 249 
Proteobacteria, primarily Alpha- and Gammaproteobacteria, followed by Bacteroidetes 250 
and Actinobacteria (Figs. 3 and S1). Also Archaea, Chloroflexi and Cyanobacteria were 251 
present (Fig. S1). Only one dominant OTU was represented in all sponge species but not 252 
in the water, and none was exclusively found in water. Twenty-four % of the dominant 253 
OTUs where found only in one sponge species and 8% were shared with water (Figs. 3 254 
and S2). Most (70%) of the dominant OTUs were found in 2-5 species and 40% of these 255 
were exclusive for sponges (Figs. 3 and S2).   256 
 257 
The HMA sponges had four dominant OTUs in common, which were not found in 258 
water (OTUs 24, 82, 111, and 200 representing unclassified Gammaproteobacteria, 259 
Alteromonadaceae of the Gammaproteobacteria, unclassified Gammaproteobacteria, 260 
and Cyanobacteria, respectively). Three OTUs were found only in two HMA species but 261 
not in water (OTUs 67, 75, and 161 representing unclassified Bacteroidetes, unclassified 262 
Acidobacteria, and Planctomycetes, respectively; Fig.  3). Each of the HMA species 263 
hosted 2 or more species-specific OTUs not found in water. 264 
 265 
The LMA sponges had five dominant OTUs (27, 47, 65, 83, and 546 representing 266 
Alpha- and Betaproteobacteria; Fig.  3) in common but they were also found in the water 267 
samples. Two (S. cunctatrix and A. damicornis) of the LMA species hosted two or more 268 
specific OTUs not found in the water. Non species-specific OTUs were found in any LMA 269 
species. 270 
 271 
Putative diazotrophs associated with sponges and water. The composition 272 
and temporal persistence of nifH genes were analyzed in all of the sponge species and in 273 
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the surrounding water (Table 4). Only the LMA species D. avara and A. damicornis 274 
contained consistently amplifiable nifH genes; 168 and 160 nifH gene sequences were 275 
obtained, respectively. For S. cunctatrix, nifH genes could be amplified only from August 276 
samples; 14 sequences obtained. Of the HMA species, only P. ficiformis showed a weak 277 
PCR product in the August samples, resulting in 3 nifH sequences. A total of 106 nifH 278 
sequences were obtained from the water samples. Whereas rarefaction curves for the 279 
LMA samples were saturated, the curves for water samples were not (data not shown). 280 
However, the duplicate sponge samples showed some variation (Table 4).  281 
 282 
The obtained nifH sequences fell into the canonical Clusters I, III, and IV including 283 
Proteobacteria and Cyanobacteria, anaerobic bacteria, and diverse nifH homologs found 284 
in methanogens, respectively (33, 34). Most of the sponge samples contained nifH 285 
sequences in more than one sub-cluster (Fig.  4). Only sub-cluster 3G contained 286 
sequences from the three LMA species and water. Certain sub-clusters included 287 
sequences from water and some sponge species: Sub-clusters 1G, 1K, 3E, and 3S 288 
contained sequences from the water, D. avara, and A. damicornis. Sub-cluster 1A 289 
contained water and D. avara sequences, and sub-clusters 3L, 3P, 4A, and 4F contained 290 
water and A. damicornis sequences (Table 4). Only four of the 15 sub-clusters were 291 
specific for sponges: Sub-clusters 1E and 3J were specific for D. avara and sub-clusters 292 
3I and 3Q for D. avara and A. damicornis. Subcluster 3H contained only sequences from 293 
water (Table 4).  294 
 295 
The ANOSIM of sequence composition of sponge species and water showed 296 
significant differences (R = 0.21, p = 0.005) because of the water column sequences (Fig.  297 
5). However, there were no significant differences between the sponges if water was 298 
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excluded. D. avara and A. damicornis showed significant differences with a two-way 299 
ANOSIM using the sponge species and sampling months as parameters (R = 0.531, p = 300 
0.037). Overall, significant differences were not observed between months; however, 301 
there was a difference between May and August (R = 0.185, p = 0.05) and May and 302 
February (R = 0.22, p = 0.04) when all sponge samples were considered. 303 
 304 
Nitrogen fixation. Sponge feeding was confirmed throughout the incubation by a 305 
depletion of Synechococcus cells in sponge bottles compared to the controls (Welch’s t-306 
test, all p < 0.05; Fig.  S3) as well as by excretion of inorganic nutrients (Welsh’s t-test, all 307 
p < 0.05; Fig.  S4). The d15N signal in the plankton (-4.6‰) before 15N2 addition (SW-INI) 308 
did not differ significantly from filtered water (-4‰, F-SW-INI; Fig.  6a). Addition of 15N2 309 
produced a significant (Welsh’s t-test, p = 0.019) increase in the d15N signal to 4.29‰ 310 
(SW*-INI) relative to the blank with filtered seawater (F-SW*-INI; Fig.  6a). After 24 h of 311 
incubation, the d15N of plankton from the bottles amended with 15N2 (SW*, Fig.  6a) 312 
increased more than 10-fold (65‰; Welsh’s t-test, p <0.0001), whereas no significant 313 
changes were detected in the plankton controls (SW) and blanks (F-SW, F-SW*). The 314 
plankton that survived the sponge incubation with 15N2 enriched water showed an 315 
increase in d15N to 7.6‰ in D. avara, which was not significantly different from the 316 
initial value of 4.3‰ SW*-INI; however, there was a significant difference in A. 317 
damicornis (Welsh’s t-test, p <0.0001) and S. cunctatrix (Welsh’s t-test, p =0.006; 55 and 318 
32‰, respectively; Fig.  6a).  319 
  320 
The initial background level of d15N in the sponge tissue was 5 - 8‰ in all the 321 
species but in C. reniformis, which showed a significantly (Welsh’s t-test, p <0.05) lower 322 
value of 2‰ (Fig.  6b). A. oroides was the only species showing increased d15N when 323 
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incubated with 15N2, reaching a mean value of 6‰, which was not significantly different 324 
from that of the control (Fig.  6b). 325 
 326 
DISCUSSION 327 
 328 
Diversity, richness and composition of sponge-associated prokaryotes .The 329 
use of Illumina sequencing revealed that microbial communities associated with HMA 330 
sponges were more diverse than those associated with LMA sponges as indicated by the 331 
Shannon and Simpson diversity indexes, emphasizing the rare and dominant OTUs, 332 
respectively. This is consistent with reports using other techniques (6, 13, 35). The 333 
Shannon diversity indexes were similar to those calculated for other LMA and HMA 334 
species from the Red Sea (36) but differed from a previous study with the same 335 
Mediterranean sponge species (24), possibly reflecting difference in sequencing depth. 336 
Against expectations, we found no difference in richness between HMA and LMA 337 
sponges. While the exact reason for this is unclear, we suggest that our integration of 338 
samples over time, which included transient associated microbes may have contributed 339 
to the similar richness observed for the HMA and LMA sponge groups.  340 
 341 
Our analysis of prokaryotes in sponges and surrounding seawater showed as 342 
common features in HMA and LMA species the existence of a specific microbial mixture 343 
composed of 1) microbes found in one, few or most of sponge species, which were 344 
shared with the water, and 2) “sponge-specific” microbes, which were not present in the 345 
water but found in single, few or many sponge species. Overlap between OTUs in the 346 
surrounding water and inside a sponge has been interpreted as sign of horizontal 347 
transmission (37) whereas “sponge-specific” microbes are likely an outcome of vertical 348 
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transmission (6, 24, 35, 38). Interestingly, we found the highest proportion of OTUs 349 
potentially transmitted vertically in HMA sponges. In contrast, a higher proportion of 350 
the OTUs where acquired from the environment in the LMA sponges. These findings are 351 
consistent with a recent suggestion that the two acquisition mechanisms co-occur in 352 
sponges (39), but also documents that the relative importance of the mechanisms differs 353 
between sponge types. 354 
 355 
Diverse phyla dominate microbial communities associated with LMA sponges 356 
from different ocean provinces (13, 36, 40). Indeed, our results support the idea that 357 
LMA sponges host diverse prokaryotic communities without general common dominant 358 
groups at a geographical scale. The HMA sponge communities were dominated by 359 
Proteobacteria, Cyanobacteria, Bacteroidetes, Acidobacteria and Planctomycetes. 360 
However, phyla and sub-phyla such as Chloroflexi and Gamma- and 361 
Alphaproteobacteria, which have been reported to characterize HMA species (36, 40), 362 
were found but were not abundant in our samples.  363 
 364 
 Based on the examined sponge species and water samples, no temporal 365 
differences were found in microbial community composition; however, the MDS 366 
representation indicated monthly changes for the three HMA species reflecting transient 367 
predominance of diverse phylogenetic groups. Based on an earlier study (38) and also 368 
on our findings of a higher percentage of OTUs shared with the surrounding  seawater in 369 
LMA sponges, we anticipated a higher proportion and abundance of temporary 370 
prokaryotic groups in LMA relative to in HMA species, but this was not observed. In 371 
general, temporal variability in sponge-associated prokaryotic communities has been 372 
attributed to OTUs that are low in abundance or transient over time, whereas dominant 373 
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OTUs in sponge communities are assumed to be stable through seasons (40, 41, 42) , 374 
suggesting that sponge hosts buffer against environmental fluctuations. Our finding, 375 
however, of abundant transient groups causing monthly differences in the microbial 376 
composition in HMA species contrasts with this generalization, and highlights the 377 
importance of transient horizontally transmitted microbes in HMA sponges.  378 
  379 
Putative diazotrophs associated with sponges and water. Symbiosis with N2 380 
fixing prokaryotes often confers a significant ecological advantage to a host that may 381 
allow for survival in otherwise marginal habitats (43). For instance, N2 fixation, 382 
conceivably carried out in anoxic zones of sponge tissue (44), may maintain nitrogen 383 
balance in marine sponges (17, 18). Indeed, N2 fixation has been detected in tropical 384 
marine sponges (19, 20, 45, 46, 47). Since planktonic production is at times nitrogen 385 
limited in the Mediterranean Sea, especially during summer (48, 49), N2 fixation would 386 
presumably be advantageous, and consequently prevalent, in microbial communities 387 
hosted by the indigenous sponges. Surprisingly, we found nifH genes in all of the LMA 388 
but only in one HMA species, although a general presence of this functional gene was 389 
expected in LMA and HMA species based on data from tropical regions (23, 47, 50). Our 390 
nifH sequences fell in 15 sub-clusters of which only 6 contained sequences previously 391 
found in marine sponges; in most sub-clusters the related sequences originated from 392 
microbial mats, lake sediments or termites. The limited overlap with published nifH 393 
sequences likely reflects that many of these originate from tropical and not temperate 394 
sponges; e.g. Ircinia strobilina and Mycale laxissima (23, 47), and that only few nifH 395 
sequences are available from marine sponge overall. 396 
   397 
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 The fact that most nifH sub-clusters contained sequences from sponges and water 398 
samples may indicate that those microbes are transient and non-food related members 399 
of the sponge microbiota acquired from the water. This is based on the premise that all 400 
the sponges cleaned-up their filtration systems for food-microbes because they were 401 
kept alive and active in filtered seawater for 4-5 hours before tissue was fixed for 402 
analysis. The presence of nifH sequences from different sponge species in common sub-403 
clusters was in contrast with the functional convergence (different microbial groups 404 
with the same function in each sponge species) found in previous analyses of sponge-405 
associated amoA genes (10, 16). This points to the existence of potential differences in 406 
the coevolution between sponges and microbes mediating different functions. Despite 407 
overlaps between nifH genes in the water and sponges, the diazotrophic communities 408 
differed significantly due to variability in the relative abundance of nifH phylotypes and 409 
clusters in water versus sponges. To what extent this was caused by the poor coverage 410 
of nifH gene diversity in the water samples is, however, unknown. Nevertheless, the 411 
consistent presence of nifH genes in some LMA species, and the lack in most HMA 412 
species, may indicate that LMA species actively select for particular microbial 413 
phenotypes, as was suggested for microbial phylotypes above.  The fact that nifH could 414 
only be amplified from some sponge species in summer time may be indicative of a 415 
seasonal pattern driven by planktonic nitrogen exhaustion in summer (51). Though, 416 
additional data are needed to test this hypothesis.  417 
 418 
N2 fixation in sponges. The presence of nifH genes in the LMA species was not 419 
accompanied by any measurable N2 fixation. The high concentrations of oxygen and NH3 420 
could have suppressed N2 fixation, but our measurements of contemporary planktonic 421 
N2 fixation suggest that the experimental conditions were suitable for N2 fixation. It is, 422 
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however, well known that the mere presence of a functional gene does not imply that a 423 
process will be measurable at any time or under all conditions. Indeed, N2 fixation can 424 
be ephemeral in situ (sensu 52) and difficult to measure even in pure cultures of 425 
diazotrophs (e.g., 53), and published rates from tropical sponges have been very low 426 
(21). Hence, we cannot out rule some potential N2 fixation in the examined 427 
Mediterranean sponges, but our data do indicate that N2 fixation is not a major source of 428 
nitrogen. Consequently, imbalances between PON and DIN inventories found for these 429 
sponge species (17) are likely not driven by N2 fixation.   430 
 431 
d15N as an indicator of N2 fixation. Stable isotope composition has been used to 432 
investigate nutritional sources in marine symbioses and it has been suggested that low 433 
d15N values of about 1.5 o/oo may be indicative of N2 fixation (54). Therefore, sponge 434 
tissue with this level of d15N would suggest N2 fixation by the microbial symbionts (22, 435 
46). Accordingly, the high d15N values found for LMA sponges from Florida Keys (46) 436 
suggest none or negligible N2 fixation in these, which falls in line with our findings of 437 
high d15N levels and no measurable N2 fixation in the Mediterranean LMA sponges. Of 438 
the examined sponges only the HMA species C. reniformis showed a low d15N of 2 o/oo 439 
potentially indicating nitrogen import through N2 fixation. The lack of nifH amplification 440 
and direct measurements of N2 fixation in this species suggest, however, that stable 441 
isotope composition is not an ideal indicator for microbial N2 fixation in sponges. 442 
Indeed, preferential uptake of isotopically light nitrate or ammonium from the ambient 443 
water or preferential remineralization and uptake of isotopically light nitrogen from 444 
DON and PON sources could generate sponge d15N value similar to those produced by 445 
microbial N2 fixation (47).  446 
 447 
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Conclusions. This first in-depth investigation of combined 16S rRNA and nifH 448 
gene richness and diversity over different months in Mediterranean sponges shows that 449 
species of HMA and LMA sponges host unique associated prokaryotic communities, 450 
respectively, that differ from those in the ambient water. These sponge types host 451 
microbiota with similar richness but with distinctly higher diversity in HMA sponges. 452 
Our findings indicate that horizontal microbial transmission co-occurs with vertical 453 
transmission in both sponge categories but the former has prevalence in LMA species. 454 
Most nifH sub-clusters were shared between sponge-species and the water samples, 455 
which may suggest that those microbes are transient members of the sponge microbiota. 456 
This is consistent with the d15N ratios and 15N incorporation assays indicating that 457 
sponge-associated N2 fixation is an insignificant and/or ephemeral source of nitrogen in 458 
the examined sponges of the temperate Mediterranean Sea.   459 
 460 
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Figure legends 680 
 681 
Fig.  1. Number of 16S rRNA gene based OTUs contributing to 50% of the average 682 
similarity per sponge species or water as calculated by SIMPER analysis and inverse 683 
Simpson index as proxy for Alpha diversity. Error bars show standard deviations (n = 8; 684 
i.e. duplicates from 4 months), ordinate values give number of OTUs and inverse 685 
Simpson index, respectively.    686 
 687 
Fig.  2. Non-metric multidimensional scaling (MDS) plot of the similarity of 16S rRNA 688 
gene composition in samples from sponges and water at four sampling dates. The 8 689 
symbols per sample represent 2 replicates and 4 months. 690 
 691 
Fig.  3. Phylogenetic tree including the 16S rRNA gene sequences representing the most 692 
abundant OTUs (>50 sequences per OTU). Presence in one or more samples of a sponge 693 
species or water is indicated by colored circles. HMA = sponges with high microbial 694 
abundance, LMA = sponges with low microbial abundance. 695 
 696 
Fig.  4. Phylogenetic tree of obtained nifH sequences. The accession number of a 697 
sequence representing a nearest relative to our sequences is provided for each sub-698 
cluster. The colored boxes show the presence of this sub-cluster in the sampled sponge 699 
species and in water. Green and purple arrows show sub-clusters also containing (48) 700 
and (23) sequences, respectively.  701 
 702 
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Fig.  5. Non-metric multidimensional scaling (MDS) plot based on similarities of nifH 703 
genes obtained from water and sponge samples. The 8 symbols per sample represent 2 704 
replicates and 4 months. 705 
 706 
Fig.  6. 15N to 14N ratios (d15N) in parts per 1000 (‰) for plankton (a) and sponge tissue 707 
(b). In black, initial values (INI) representing natural background level. In white, after 24 708 
h of incubation.  Error bars are SE. SW: Seawater, F-SW: Filtered seawater,  D. avara 709 
(DA), A. damicornis (AD), S. cunctatrix (SC), A. oroides (AO), C. reniformis (CR) and P. 710 
ficiformis (PF). Asterisks indicate incubations with 15N2 enriched water.  711 
Sponge	  type Species OTUs Coverage	  [%] Chao1	   H
LMA
D.	  avara 586	  ±	  161 92	  ±	  2 505	  ±	  152 2.44	  ±	  0.29
A.	  damicornis 200	  ±	  99 98	  ±	  1 229	  ±	  85 1.80	  ±	  0.17
S.	  cunctatrix 679	  ±	  254 90	  ±	  4 628	  ±	  229 2.32	  ±	  0.92
HMA
A.	  oroides 521	  ±	  275 91	  ±	  3 483	  ±	  179 4.33	  ±	  0.40
C.	  reniformis 221	  ±	  75 97	  ±	  0.5 283	  ±	  69 3.69	  ±	  0.15
P.	  ficiformis 370	  ±	  164 93	  ±	  0.5 439	  ±	  117 4.62	  ±	  0.16
seawater 1443	  ±	  583 87	  ±	  3 1000	  ±	  164 5.10	  ±	  0.34
Table	  1.	  Es<mated	  number	  of	  OTUs	  yielding	  a	  coverage	  of	  100%	  and	  real	  coverage	  of	  
subsampled	  16S	  rRNA	  gene	  sequences,	  richness	  (Chao1)	  and	  diversity	  (H:	  Shannon-­‐Wiener)	  
indices	  per	  sponge	  species	  and	  seawater.	  Given	  are	  averages	  ±	  standard	  devia<on	  (n	  =	  8).	  
LMA:	  Low	  microbial	  abundance;	  HMA:	  High	  microbial	  abundance.	  
Table 2: ANOSIM (analysis of similarities) results per sponge type and water for 16S 
rRNA genes obtained by Illumina sequencing. Month = May, August, November and 
February, HMA = sponges with high microbial abundance, LMA = sponges with low 
microbial abundance. 
 
 R p 
Month 0.032 0.846 
Water vs. sponges 0.141 0.006 
Sponges (incl. water) 0.906 0.001
HMA vs. LMA 0.220 0.001 
HMA vs. water 0.306 0.001 
LMA vs. water 0.282 0.003 
 
 
Table 3. Analysis of similarities (ANOSIM) of 16S rRNA gene sequences obtained from 
sponge species and water samples. HMA = sponges with high microbial abundance; LMA 
= sponges with low microbial abundance. 
R LMA HMA water 
p D. avara A. damicornis S. cunctatrix A. oroides C. reniformis P. ficiformis 
LMA 
D. avara  1.000 1.000 0.891 0.694 0.889 1.000 
A. damicornis 0.002 1.000 0.981 0.989 0.798 1.000 
S. cunctatrix 0.001 0.002 0.990 0.705 0.897 1.000 
HMA 
A. oroides 0.001 0.001 0.001 0.844 0.836 0.733 
C. reniformis 0.002 0.002 0.001 0.002 0.470 1.000 
P. ficiformis 0.001 0.002 0.001 0.001 0.008 0.977 
water 0.001 0.001 0.002 0.001 0.001 0.002 
 
 
 
Table 4. Number of sequences from sponge and waters samples within specific 
nifH gene sub-clusters as defined in Figure 4. Duplicates for each sample are 
shown. HMA = sponges with high microbial abundance; LMA = sponges with low 
microbial abundance.  
 
 
  1A 1E 1G 1K 3E 3G 3H 3I 3J 3L 3P 3Q 3S 4A 4F 
water                
 May 1   1 1 4        3 5  
 May 2   2  4 3       3 2  
 Aug 1   6  3  2   1   2   
 Aug 2   5  2 1    1 1  4   
 Nov 1   11    2      1   
 Nov 2   5  2     1   2  1 
 Feb 1 1  2  7     2      
 Feb 2 1  6  3     3      
HMA:                
P. ficiformis                
 Aug 1     2           
 Aug 2   1             
LMA:                
S. cunctatrix                
 Aug 1      7          
 Aug 2     4 3          
D. avara                
 May 1  7   9           
 May 2    3 20   3        
 Aug 1   24   1      6    
 Aug 2      14          
 Nov 1      13      1 2   
 Nov 2 6    4 6          
 Feb 1 25    3           
 Feb 2     7 2   4       
A. damicornis                
 May 1   4 1 3 6     7  4   
 May 2   2  3   4      17  
 Aug 1   2  1     19      
 Aug 2    1 6 14    4    1  
 Nov 1   2 9            
 Nov 2     17         1 3 
 Febr 1      15          
 Febr 2   9 1  7    4  1    
 
 
 
 
 






